The removal of bound metal ions from Gactin uncovered two thiols, Cys-10 and Cys-257. The uncovering of these thiols requires a free calcium concentration lower than 10 nM. Therefore, participation of one or both thiols in Ca2 binding is suggested. Actin labeled with N-(5-fluoresceinyl)maleimide in the absence of calcium moves as a doublet in NaDodSO4/PAGE. It is suggested that two conformers are induced by metal removal and labeling.
Recently Sutoh showed that when myosin is crosslinked to actin with 1-ethyl-3-[3-(dimethylamino) propyl]carbodiimide (EDC), the actual surfaces joined are portions of the 20-kDa and the 50-kDa regions of myosin subfragment 1 (S-1) (1) and the N-terminal residues of actin (2) . Therefore, in developing a three-dimensional map of acto-S-1 (3), it is of obvious importance to locate this "interface." A way to do this might be to label actin Cys-10 with a suitable probe. But there is little in the literature about reacting Cys-10, and previous efforts in this laboratory to do so have failed (4) even though the probe was especially targeted to a thiol neighboring on negative charges. Mornet and Ue (5), however, provided the necessary clue; they noted that Cys-10 and its neighbors constitute at least a partial sequence homology of a Cal'-binding site. If Ca2+ is held by Cys-10 and its neighbors, then the indifference of Cys-10 to thiol reagents is understandable, and a means of overcoming the indifference is obvious. We set out to find whether Cys-10 could be reacted if Ca2+ were removed from actin.
Ca2+ cannot be removed from F-actin, and conventional wisdom is that G-actin denatures on losing its "prosthetic" Ca2+. The dilemma is surmountable, however, as was suggested to us in ref. 6 . By maintaining the bound nucleotide of G-actin constant, it is possible to remove metal ions, react thiols, and still retain polymerizability and the ability of the polymer to stimulate myosin ATPase. It is thus possible to ascertain whether Cys-10 becomes reactive after Ca2' removal.
MATERIALS AND METHODS
Actin was isolated from rabbit muscle as described (7) and converted to G-actin in 5 mM 2-[tris(hydroxymethyl)methylamino]ethanesulfonic acid (Tes), pH 7.6/0.2 mM ATP/0.2 mM CaCl2 (buffer A) at 4°C. G-actin concentration was estimated using Al% = 6.37 (8) . For a general exposure of actin to EDTA, 1 mM EDTA was added to buffer A. To prevent participation of the most reactive thiol (Cys-374) in certain reactions, we treated G-actin with a 10-fold molar excess of N-ethylmaleimide (MalNEt) for 30 min at 20°C, quenched the reaction with excess dithiothreitol, and removed excess dithiothreitol and quenching products by gel filtration on Sephadex G-25 (1 x 5 cm). Proteolysis degrades an N-terminal 9-kDa region of G-actin (5, 9) , leaving a C-terminal 33-kDa "core"; core was prepared by digesting actin with trypsin at a weight ratio of 10:1 for 60 min at 20'C. A CNBr fragment of actin, CB-13 (44 N-terminal residues), was used as an electrophoretic standard; it was prepared as described (10) , labeled with fluorescein isothiocyanate at Lys-18, and kindly donated to us by our colleague R. Takashi. Bound nucleotide is held tightly by G-actin in buffer A, but it was necessary to test its retention after exposure to EDTA. For this purpose, actin was incubated at 20TC in buffer A containing 1 mM EDTA. At various intervals aliquots were drawn, made 1 mM in CaCl2 (to stop removal of actin-bound metal ions), and kept overnight at 0C. The aliquots were filtered through 1 x 5 cm columns of Sephadex G-25 (5 mM Tes, pH 7.6/0.2 mM CaCl2) to remove unbound ATP. The protein fractions eluted at void volumes from this filtration were collected, and each was analyzed for both protein and ATP as described by Faulstich et al. (6) . Thiols of actin were titrated with Ellman's reagent [5,5'-dithiobis(2-nitrobenzoic acid), DTNB], assuming 8412 = 1.36 x 104 (11) .
[Ca2+] was set by Ca2+/EDTA buffer, assuming the formation constant of Ca-EDTA at pH 7.0 and 20°C to be 2 X 107 M'1 (12) . For fluorescein labeling, the thiols of actin were reacted with N-(5-fluoresceinyl)maleimide (MalNFlu; Molecular Probes, Junction City, OR). Actin or actin-MalNEt was reacted in buffer A containing 1 mM EDTA, using a 2-fold molar excess of MalNFlu for 15 min at 20°C. The reaction was quenched by adding 1 mM dithiothreitol and 1 mM CaCl2. The actin was rid of excess quenching reagents and their products by Sephadex G-25 gel filtration. The amount of bound label was estimated from its absorption spectrum, measured with a Cary 118-C spectrophotometer, assuming E495 = 9 X 104 (13) . Fluorescence-emission spectra of labeled actin were recorded with a Hitachi/Perkin-Elmer fluorometer MFP-4 with an excitation wavelength of 480 nm. The fluorescence intensity of 1-anilino-8-naphthalenesulfonic acid (Ans) in an actin solution was measured with the same instrument, using an excitation wavelength of 400 nm and an emission wavelength of 480 nm. The competence of G-actin that had been exposed for 30 min to 1 mM EDTA at 20°C was tested in two ways. It was allowed to polymerize at 25°C for 1 hr after addition of 50 mM KCl and 2 mM MgCl2. The extent of polymerization was estimated from the actin sedimented by centrifugation at 100,000 x g for 2 hr. The activation of myosin Mg2+-ATPase also was measured. ATPase was assayed in 30 mM KCI/10 mM Tes, pH 7.6/1 mM Mg-ATP at 25°C. CNBr fragmentation of labeled actin was conducted as described (10) , except that the thiols of actin were not blocked with monoiodoacetate. NaDodSO4/PAGE was conducted in 15% polyacrylamide/6 M urea or in 10-18% gradient gels, both containing 0.1% NaDodSO4. A stacking gel of 3% polyacrylamide was used (14) . 
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RESULTS
On the premise that the Ca2+ content, the nucleotide content, and the conformation of actin might all be interrelated, we inquired whether the Ca2+ vs. conformation relation could nevertheless be studied at constant nucleotide content. Fig.  1 shows that withdrawal of Ca2+ (and consequent changes in conformation, as we shall show below) for periods as long as 30 min can occur without loss of nucleotide. The figure also shows, incidentally, that if Ca2+ is restored to the actin after such periods, the actin remains competent to polymerize and then to activate myosin Mg2+-ATPase.
How the number of titratable thiols per mole, nSH, varies with Ca2+ content was of interest to us because of our eventual objective of labeling Cys-10 and also because nSH is an indirect "'conformation indicator" [Faulstich et al. (6) ].
The experiment was conducted under conditions in which, as just described, the nucleotide content is maintained the same as it was when in equilibrium with buffer A. Fig. 2A [Ca2+] situation, however, nSH is a function of [ATP]; many-perhaps all-thiols became titratable as [ATP] approaches zero. Our data seem to agree, in general, with that of other workers, particularly Faulstich et al. (6) ; however, in this work we are concerned primarily with the situation in which Ca2+ is removed from the protein while nucleotide remains attached. we can assess the effect on nSH-thinking of nSH as an indicator of Ca2" release from the protein (Fig. 4) Since the procedure of removing Ca2' and then labeling appeared to generate two labeled species (the unlabeled, MalNEt-blocked actin constituting a third), we tried to see whether the process of actin polymerization could "filter out" one species or another. These experiments also tested whether labeled actin was functionally competent. In a typical set of experiments, a control showed that -90% of MalNEt-blocked actin polymerized under the conditions employed. MalNEt-blocked actin then was labeled to 0.78 mol of MalNFlu/mol of actin. About 82% of this actin polymerized. The polymer, however, contained only 0.47 mol of MalNFlu/mol of actin. On the other hand, the electrophoretogram of the polymer showed the same fluorescent-band patterns as G-actin. The control and the labeled polymers activated myosin Mg2+-ATPase equally well. Thus it seems that polymerization discriminates somewhat against labeled monomers but that once incorporated, such monomers are active; polymerization does not discriminate between the two labeled species.
The amino acid sequence of actin is such that after CNBr cleavage, no fragment contains more than one thiol (10) . By denaturing actin in the presence of MalNFlu and then cleaving with CNBr, we have realized the expected five fluorescent bands in PAGE. The strategy in the present experiments was to study the CNBr cleavage pattern of the electrophoretic species displayed in Fig. 5 . In lane d of that figure is shown the two-band pattern resulting from MalNFlulabeling the "additional" (not Cys-374) thiols exposed by the zero-[Ca2+] condition. These two bands were electrophoretically separated from one another, and then each was subjected to CNBr fragmentation; the fragments were then electrophoresed. In Accepting that withdrawal of Ca2+ exposes thiols which then react with MalNFlu, we sought to find out whether one of these thiols was Cys-10. It has been shown by Jacobson and Rosenbusch (9) and by Mornet and Ue (5) that proteases digest rapidly an N-terminal region of -9 kDa, leaving undamaged a C-terminal core of -33 kDa. After trypsinolysis, we isolated and purified this core, labeled it with MalNFlu in the absence of Ca2", and subjected it to CNBr fragmentation and PAGE. From comparison of the fragmen- tation pattern (Fig. 6 , lane f) with the fragmentation patterns (lanes d and e) of the two actin bands, we conclude that the thiol resident on the faster-moving fragment of either labeled actin is in the core of actin, is therefore C-terminal, and is therefore not Cys-10. Of the CNBr fragments of actin the most N-terminal is CB-13: this fragment contains Cys-10, and methods are available for obtaining it pure and separate from all other CNBr fragments (10 N-terminal side of unlabeled cysteine residues) (16, 17 (Fig. 4) suggests that the affinity of Ca2l for actin may be of an order of 108 M-1; much greater than previously thought (18) (19) (20) .
Our work has revealed an interesting conformational difference in actin after metal removal; it is distinguishable with a particular label (fluorescein). There seem to be two conformers of actin after removal of metal. On metal removal we could detect a conformational change in actin by measuring an increase in nSH and Ans fluorescence intensity. However, the presence of two conformers was not detectable by these methods; this could be done only by labeling with fluorescein. Once the thiols exposed were labeled, the two conformers were separable by their mobilities on NaDodSO4/PAGE. We do not know the basis ofthe difference between these two conformers; however, it is neither a difference in dye content nor a difference in species of labeled thiol.
Mornet and Ue (5) pointed out that the homology to a Ca2+-binding site that they found around Cys-10 was only partial, suggesting that the rest of the "cage" might be provided by other regions of the primary sequence. The symmetries between the two thiols that become exposed (Cys-10 and Cys-257) and the (fluorescein) ligand lead us to Biochemistry: Konno and Morales 7908 Biochemistry: Konno and Morales speculate that both thiols interact directly with one Ca2", but at this stage it remains a logical possibility that only one interacts and that the second thiol is exposed by a conformational change propagating out from the first one.
We come finally to what was our central objective-to find out whether Cys-10 is exposed upon removal of Ca2l from actin. This now seems clearly so, and the puzzle of why Cys-10 is so hard to label now seems solved. Our results are entirely consistent with the speculation that a Ca2+-binding site exists near the N-terminus ofactin (5); the surprise is only that a second thiol (Cys-257) participates as well. The significance of a divalent cation placed at the same point at which S-1 binds to actin is an exciting issue for future research.
